ABSTRACT Background: Metabolomics may unravel important biological pathways involved in the pathophysiology of childhood obesity. Objectives: We aimed to 1) identify metabolites that differ significantly between nonobese and obese Hispanic children; 2) collapse metabolites into principal components (PCs) associated with obesity and metabolic risk, specifically hyperinsulinemia, hypertriglyceridemia, hyperleptinemia, and hyperuricemia; and 3) identify metabolites associated with energy expenditure and fat oxidation. Design: This trial was a cross-sectional observational study of metabolomics by using gas chromatography-mass spectrometry and ultrahigh-performance liquid chromatography-tandem mass spectrometry analyses performed on fasting plasma samples from 353 nonobese and 450 obese Hispanic children. Results: Branched-chained amino acids (BCAAs) (Leu, Ile, and Val) and their catabolites, propionylcarnitine and butyrylcarnitine, were significantly elevated in obese children. Strikingly lower lysolipids and dicarboxylated fatty acids were seen in obese children. Steroid derivatives were markedly higher in obese children as were markers of inflammation and oxidative stress. PC6 (BCAAs and aromatic AAs) and PC10 (asparagine, glycine, and serine) made the largest contributions to body mass index, and PC10 and PC12 (acylcarnitines) made the largest contributions to adiposity. Metabolic risk factors and total energy expenditure were associated with PC6, PC9 (AA and tricarboxylic acid cycle metabolites), and PC10. Fat oxidation was inversely related to PC8 (lysolipids) and positively related to PC16 (acylcarnitines). Conclusions: Global metabolomic profiling in nonobese and obese children replicates the increased BCAA and acylcarnitine catabolism and changes in nucleotides, lysolipids, and inflammation markers seen in obese adults; however, a strong signature of reduced fatty acid catabolism and increased steroid derivatives may be unique to obese children. Metabolic flexibility in fuel use observed in obese children may occur through the activation of alternative intermediary pathways. Insulin resistance, hyperleptinemia, hypertriglyceridemia, hyperuricemia, and oxidative stress and inflammation evident in obese children are associated with distinct metabolomic profiles.
INTRODUCTION
Childhood obesity is associated with increased risk of glucose intolerance, hypertension, dyslipidemia, insulin resistance, chronic inflammation, hyperuricemia and nonalcoholic fatty liver disease (1) . Although genetics, diet, physical activity, and other behavioral and environmental factors contribute to these ailments, the metabolic pathways that underlie the development and progression of these metabolic diseases remain uncertain. Metabolomics, which is the measurement of low-molecular weight metabolites such as nutrient intermediates, hormones, and other signaling molecules, may provide insight into their cause.
Metabolomic studies in obese adults have consistently indicated a metabolomic profile associated with insulin resistance, diabetes, and cardiovascular disease (2) (3) (4) (5) (6) (7) . A pattern of increased plasma concentrations of branched-chain amino acids (BCAAs) 8 (Val, Leu, and Ile), aromatic amino acids (AAs) (Phe and Tyr), C3 and C5 acylcarnitines, and Glx and Ala was shown to be strongly associated with insulin resistance. The accumulation of incompletely oxidized lipid species in the mitochondria also has been implicated in the development of insulin resistance (3, 4, 6) .
Metabolomic profiling in obese and nonobese children has been performed with conflicting findings (8) (9) (10) (11) . In a comparison study of normal-weight and obese adolescents, there was little evidence of defective fatty acid or AA metabolism associated 1 Supported by federal funds from the USDA/Agricultural Research Service (Cooperative Agreement 58-6250-0-008) and the NIH (grant R01DK59264). 2 The contents of this publication do not necessarily reflect the views or policies of the USDA nor does mention of trade names, commercial products, or organizations imply endorsement by the US Government.
*To whom correspondence should be addressed. E-mail: nbutte@bcm.edu.
with obesity (8) . In another study, increased plasma AA concentrations (BCAAs, Phe, Met, His, Arg, Ser, Gly, and acylcarnitines) were positively associated with b cell function relative to insulin sensitivity in contrast to findings in adults (11) . Acylcarnitines (12:1 and 16:1) were higher, and 3 AAs (Glu, Met, and Pro) and acyl-alkyl phosphatidylcholines (34-38) and lysophosphatidylcholines (18:1, 18:2, and 20:4) were lower, in obese children, which were indicative of oxidative stress and changes in b oxidation and sphingomyelin metabolism (9) . Higher concentrations of BCAAs and related intermediates C3 and C5 acylcarnitines, androgens, and large neutral AAs were seen in obese children (10) . Thus, existing data are equivocal as to whether metabolomic alterations or adaptive metabolic plasticity occurs in children with obesity.
Because of the potential of metabolomics to reveal important biological pathways involved in the pathophysiology of childhood obesity and to reconcile the existing conflicting evidence in children, we applied nontargeted metabolomic profiling in 803 Hispanic children enrolled in the Viva la Familia Study (12) . Obese children in this cohort were shown to be at increased risk of glucose intolerance, hypertension, dyslipidemia, insulin resistance (13) , chronic inflammation (14) , hyperuricemia (15) and nonalcoholic fatty liver disease (16) . Our research aims were to 1) identify metabolites that differ significantly between nonobese and obese Hispanic children; 2) collapse metabolites into principal components (PCs) associated with obesity and metabolic risk, specifically, hyperinsulinemia, hypertriglyceridemia, hyperleptinemia, and hyperuricemia; and 3) identify metabolites associated with energy expenditure and fat oxidation.
METHODS

Subjects and design
Global metabolomic profiling was performed on fasting plasma samples from 803 Hispanic children enrolled in the Viva la Familia Study, which was a cross-sectional observational study designed to identify genetic variants influencing childhood obesity and its comorbidities. Eligibility and enrollment were described in detail elsewhere (12) . Family recruitment and phenotyping were conducted in 2000-2005 in Houston, Texas. All enrolled children provided written assent, and parents gave written informed consent. The protocol was approved by the Institutional Review Boards for Human Subject Research for Baylor College of Medicine and Affiliated Hospitals and for the Texas Biomedical Research Institute.
Methods
In-depth phenotyping included anthropometric measures and body composition, 24-h calorimetry, and fasting blood sampling for clinical biochemistries. Anthropometric measures were performed by using standardized techniques according to Lohman et al. (17) . Body composition, including fat-free mass (FFM) and fat mass (FM), was determined by using dual-energy X-ray absorptiometry. Methods used to measure fasting blood biochemistries were described elsewhere (12) (13) (14) 18) . Room respiration calorimetry was used to make 24-h measurements of energy expenditure, the respiratory quotient (RQ), and substrate oxidation (19) .
Metabolomic profiling
Fasting EDTA plasma samples were taken from 803 Hispanic children and stored at 2808C. Analyses were performed on the plasma samples and replicate samples created from a large pool of extensively characterized human plasma (MTRX3). Nontargeted metabolomic profiling was conducted by using the following 3 independent platforms: ultra-HPLC-tandem mass spectrometry optimized for basic species, ultra-HPLC-tandem mass spectrometry optimized for acidic species, and gas chromatographymass spectrometry. Metabolomic analyses were performed as outlined previously (20) .
The original data set consisted of 409 named metabolites. Of the original 409 named metabolites, we excluded 77 metabolites that were missing values for .40% of participants and 28 xenobiotics; hence, our final data set was comprised of 304 named metabolites.
Block normalization was performed on the original raw ion intensities to correct for variation that resulted from instrument interday tuning differences. Essentially, raw area counts for each compound in run-day blocks were rescaled to set medians to equal one. Any missing values were assumed to be below the limits of detection, and these values were imputed with the compound minimum (minimum value imputation).
To test for data reliability, a subset of 40 plasma samples were reanalyzed. Of the original 304 metabolites, 11.8% of metabolites in nonobese subjects and 8.9% of metabolites in obese subjects were shown to be significantly different between runs; however, the mean (6SD) intraclass correlation for these metabolites was 0.82 6 0.17.
Statistical analysis
Numerical methods (i.e., skewness, kurtosis, and the ShapiroWilk test) and graphical methods (i.e., histograms and quantilequantile plots) were used to test for normality. If the distribution of the metabolite was not normal, a log transformation was performed to meet the assumptions of a parametric test.
Mixed-effects linear regression models were used to test for differences in child characteristics and plasma metabolites between nonobese and obese children, with adjustment for sex, age, and Tanner stage, as needed, and by accounting for the nonindependence of related children within families. A Bonferroni correction was applied to the metabolomic data to counteract the problem of multiple comparisons; P , 1.151 3 10 24 was considered statistically significant.
A random forest analysis, which is a supervised classification technique that is based on an ensemble of decision trees, was used to classify nonobese and obese children. For a given decision tree, a random subset of data with identifying true class information was selected to build the tree (training set), and the remaining data were passed down the tree to obtain a class prediction for each sample repeatedly. The prediction accuracy was an unbiased estimate of how well the sample class in a new data set could be predicted. The mean decrease accuracy was used to determine which metabolites made the largest contribution to the classification. The mean decrease accuracy was determined by randomly permuting a variable, running observed values through the trees, and reassessing the prediction accuracy.
A principal components analysis (PCA), which is an unsupervised linear mixture model aimed at accounting for the variance within a data set by a smaller number of mutually uncorrelated PCs, was performed on the 304 log-transformed metabolites. In our application, the PCs were vectors of metabolite contributions. An orthogonal varimax rotation was used, and factors with eigenvalues .1.0 were retained. Component scores for each participant were calculated by using the standardized scoring coefficient. Metabolites with component loading values with magnitudes that were $0.50 were retained for a given component. The PCA was performed with the Proc Factor and Proc Score procedures in SAS software (version 9.4; SAS Institute Inc.) Mixed-effects linear regression models were used to test the effect of the 20 PCs on selected phenotypes, with adjustment for age, sex, Tanner staging, and obesity status. Statistical analyses were performed in the SAS software and STATA software (version13; StataCorp).
RESULTS
Global metabolomic profiling was performed in 803 Hispanic children (405 boys and 398 girls; mean 6 SD age: 11.1 6 3.9 y; age range: 4-19 y). This cohort was highly enriched for obesity with 56% of children classified as obese (BMI $95th percentile) according to CDC criteria (21) . The remaining children were nonobese with 16% classified as overweight and 28% classified as normal weight. Fasting metabolites and hormones shown in A summary of the 38 AAs, peptides, and their metabolites that differed significantly between nonobese and obese children is presented in Table 2 . When adjusted for sex, age, and Tanner stage, BCAAs (Leu, Ile, and Val) were significantly higher in obese children as were BCAA catabolites 2-methylbutyrylcarnitine, 3-methyl-2-oxobutyrate, and isovalerylcarnitine. In addition, propionylcarnitine and butyrylcarnitine, which are carnitine conjugates of propionyl-CoA and butyryl-CoA, were significantly elevated ( Table 3) . Additional AAs (alanine, glutamate, lysine, phenylalanine, and tyrosine), polyamines, several g-glutamyl dipeptides, and polypeptides were also elevated in obese children. In contrast, levels of asparagine, aspartate, glycine, serine, and histidine were lower in obese children. Notably, there were significantly higher levels of a-hydroxybutyrate (AHB) and a-ketobutyrate (AKB) in obese children. For tests, "mixed effects" denotes mixed-effects linear regression models. ALT, alanine aminotransferase; CRP, C-reactive protein; FFM, fat-free mass; FM, fat mass; NEFA, nonesterified fatty acid; RQ, respiratory quotient; TEE, total energy expenditure. Consistent with elevated C-reactive protein concentrations, several metabolites indicative of inflammation and the activation of an immune response were elevated in the obese children. Bradykinin (a potent vasodilator), bradykinin-des-Arg(9) (an active metabolite of bradykinin), and HWESASLLR and HWESASXX (peptides that map to complement C3 protein) were elevated in obese children, consistent with the activation of an immune response. Kynurenine and kynurenate, which are involved with the . AHB, a-hydroxybutyrate; AKB, a-ketobutyrate; C5, 2-methylbutyrylcarnitine; C5-OH, isovalerylcarnitine; SAM, S-adenosylmethionine. 2 Mixed-effects linear regression model adjusted for age, sex, and Tanner stage (ln metabolite).
dilation of blood vessels during inflammation, were elevated in obese children. In contrast, 1-acyl-lysolipids and 2-acyl-lysolipids (Table 3) , which are involved in innate immunity, were generally decreased.
A summary of the 52 lipid metabolites that differed significantly between nonobese and obese children is presented in Table  3 . Carnitine and the short-chain acylcarnitines [propionylcarnitine (4), and hexanoylcarnitine (6)] were elevated in obese children, whereas a few of the long-chain acylcarnitines [stearoylcarnitine (18) and oleoylcarnitine (18:1)] were lower. There was a striking decrease in lysolipids (glycerophosphocholines and glycerophosphoethanolamines) and dicarboxylated fatty acids (dodecanedioate, tetradecanedioate, and 2-hydroxydecanoate) in obese children. The ketone body b-hydroxybutyrate was significantly lower in obese children than in nonobese children. With the exceptions of cortisone, androsterone sulfate, and epiandrosterone sulfate, steroid derivatives were markedly higher in obese children. Consistent with elevated LDL-cholesterol concentrations in obese children, the cholesterol precursor lathosterol was significantly higher in obese children. A summary of carbohydrate and nucleotide metabolites that differed significantly between nonobese and obese children is presented in Table 4 . Mannose and pyruvate were higher, but glycerate was lower, in obese children than in nonobese children. In the tricarboxylic acid (TCA) cycle, the only metabolite that reached significance was citrate, which was lower in obese children.
Consistent with elevated uric acid, higher levels of purine and pyrimidine metabolites were seen in obese children. Levels of the purine catabolite xanthine were significantly elevated, which may have reflected an increased generation of H 2 O 2 during the conversion of hypoxanthine to xanthine by xanthine oxidase as part of an inflammatory response. Xanthine oxidase also converts xanthine to urate, the levels of which were also higher in the obese-children group.
To assess the predictive accuracy of classifying children by obesity status, a random forest analysis was performed on the metabolites. Tyrosine was the highest-ranked metabolite on the basis of its contribution to the obesity classification. The topranked metabolites were from all the major pathways ( Figure 1) . The predictive accuracy for obesity classification was 81%.
A PCA was used to reduce the large number of metabolites to fewer clusters of highly correlated metabolites. The PCA consolidated the 304 metabolites into 65 PCs with eigenvalues .1 and factor loading values with magnitudes $0.50 These 65 PCs explained 75.6% of the variance in the data set. On the basis of a scree plot, the first 20 PCs with eigenvalues .2.5 were retained and explained 53.4% of the variance ( Table 5 ). These 20 PCs were comprised of 161 of 304 metabolites.
First, we tested which of the 20 PCs were associated with BMI and adiposity. Six PCs (PC3, PC4, PC6, PC10, PC12, and PC18) were associated with BMI and accounted for 46% of the variance in BMI, with PC6 (BCAA and aromatic AA) and PC10 (asparagine, glycine, and serine) making the largest contributions ( Table 6) . Eight PCs (PC3, PC4, PC6, PC9, PC10, PC12, PC18, and PC19) were associated with adiposity (percentage of FM) and accounted for 36% of the variance, with PC10 and PC12 (acylcarnitines) making the largest contributions.
Next, we tested which of the 20 PCs were associated with metabolic risk factors, energy expenditure, and fat oxidation. Metabolic risk factors for insulin resistance, hyperleptinemia, hypertriglyceridemia, hyperuricemia, and inflammation (C-reactive protein) were predicted by many of the same PCs as for BMI and the percentage of FM, namely PC6, PC9, and PC10. The TEE was also associated with PC6, PC9, and PC10 after adjustment for age, sex, Tanner stage, obesity status, FFM, and FM. Fasting NEFAs correlated highly with PC1 (AHB and lipids) and PC3 (glycerophosphocholines). Fat oxidation and sleep RQ were inversely related to PC8 (glycerophosphoethanolamines) and positively related to PC16 (acylcarnitines), independent of age, sex, Tanner staging, obesity status, and energy balance.
DISCUSSION
Global metabolomic profiling revealed different patterns of AAs, lipids, carbohydrate, and nucleotide intermediary metabolism between obese Hispanic children and their nonobese siblings indicative of insulin resistance, increased BCAA catabolism, mitochondrial dysfunction, reduced fatty acid b-oxidation, increased oxidative stress and inflammation, and altered steroid metabolism. The obesity-related increases in AAs, acylcarnitines, lysolipids, and nucleotides are largely concordant with those in adult studies; however, increased steroid metabolites may be unique to children with obesity. The use of calorimetry has not supported metabolic inflexibility in obese children, but there may be a metabolic cost to maintain homeostasis through the activation of alternative intermediary pathways. Insulin resistance, hyperleptinemia, hypertriglyceridemia, hyperuricemia, and oxidative stress and inflammation were evident in obese children. The PCA linked correlated metabolites to clinical biomarkers of obesity and metabolic risk. Of the first 20 PCs, 8 PCs were associated with BMI or adiposity. PC6 (BCAAs and aromatic AAs), PC9 (aspartate, dipeptides, and citrate), and PC10 (asparagine, glycine, and serine) were associated with risk factors for insulin resistance, hyperleptinemia, hypertriglyceridemia, hyperuricemia, and inflammation. PC12 (shorter-chain acylcarnitines) made a large contribution to BMI, adiposity, and leptin but not to metabolic risk factors. PC1 (AHB and lipids) and PC3 (lysolipids-glycerophosphocholines) were associated with NEFAs. PC8 (lysolipids) was negatively related to fat oxidation, and PC16 (longer-chain acylcarnitines) was positively related to fat oxidation.
Insulin resistance
Along with elevated glucose and insulin concentrations, higher levels of AHB and lower levels of 1-linoleoylglycerophosphocholine and 2-linoleoylglycerophosphocholine were associated with insulin resistance in obese children in concordance with adult studies (22, 23) . Mannose, which is an essential monosaccharide constituent of glycoproteins and glycolipids, was also elevated in obese children. In individuals with diabetes, plasma mannose levels are high, and levels of mannose and glucose are positively correlated (24) .
Increased BCAA catabolism
Increased circulating BCAAs also reflected insulin resistance in obese Viva la Familia Study children. In our PCA, BCAAs and aromatic AAs formed a cluster (PC6), and the by-products of BCAA catabolism (C3 and C5 acylcarnitines) formed another cluster (PC12). Increased BCAA catabolism may be due to increased dietary consumption or alterations in skeletal muscle protein turnover, energy metabolism, and mitochondrial function. Elevated levels of circulating BCAAs, propionylcarnitine, and isovalerylcarnitine were proposed as markers of insulin resistance and diabetes risk in obese adults (2, 3) , but the elevation of other AAs such as Phe, Tyr, and sulfur-containing AA were also consistently reported (25) as in our study.
Mitochondrial dysfunction
With the increased catabolism of BCAAs, AHB may be generated from AKB. Under conditions where propionyl-CoA cannot enter the TCA cycle or that result in the accumulation of NADH, the metabolism of AKB may shift to the production of AHB. In this study, AHB accumulation may have reflected a limited TCA capacity or demand relative to available substrate. This hypothesis was supported by significantly elevated levels of propionylcarnitine, which is a surrogate marker for propionylCoA levels as well as elevated levels of pyruvate, which suggested the reduced conversion of pyruvate to acetyl-CoA. In addition, the TCA-cycle intermediate citrate was significantly lower in obese children than in nonobese children. In the first step of the TCA cycle, oxaloacetate and acetyl-CoA combine to form citrate, which is shuttled out of the mitochondria to the cytosol where the acetyl-CoA moiety is converted to malonyl-CoA for fatty acid synthesis. The lower citrate perhaps reflects increased rates of fatty acid synthesis, resulting in the higher palmitate and triacylglycerol in obese children.
Oxidative stress also may contribute to elevated AHB levels in obese children because the increased synthesis of cysteine, which is a key component of the antioxidant glutathione, produces AKB as a byproduct. We previously showed higher plasma total cysteine and lower total glutathione in these obese children than in their nonobese siblings (26) . Together with the described alterations in BCAA catabolism, these changes are indicative of mitochondrial dysfunction in obese children.
Reduced fatty acid b oxidation
Despite higher levels of long-chain fatty acids, levels of the long-chain acylcarnitines stearoylcarnitine, and oleoylcarnitine, which are generated during the import of long-chain fatty acids into the mitochondria for catabolism, were significantly lower in the obese-children group. Levels of lysolipids (glycerophosphocholines and glycerophosphoethanolamines) and dicarboxylate fatty acids, which ware intermediates generated during v-oxidation, also were lower. Reduced lysophosphatidylcholines (18:1, 18:2, and 20:4) were reported previously in obese children (9) . Levels of 3-hydroxy fatty acid (a readout of b oxidation) also tended to be lower in obese children. There was no evidence of ketogenesis because b-hydroxybutyrate was lower in the obese-children group. In contrast to findings in obese adults of overloading the mitochondria with lipid substrates leading to incomplete fatty acid oxidation (3), these changes in obese children do not suggest an excessive fatty acid supply or dysfunctional b-oxidation but, instead, represent a strong signature of the reduced catabolism of fatty acids.
Metabolic flexibility: appropriate fuel use
Respiratory calorimetry did not reveal any significant differences in the 24-h RQ or net fat use between obese and nonobese children (27) . The sleep RQ, which is reflective of the fasting Intermediary metabolite interconversions do not affect the calculation of nutrient use from respiratory gas measurements so long as there is no accumulation or depletion of metabolites during the study period (28) . With the use of stable isotopes and calorimetry, obese adolescents were shown to adapt appropriately to changes in carbohydrate and fat intakes (29, 30) . However, to maintain normal glucose and lipid concentrations, normal rates of glucose production and lipolysis, and appropriate fuel use, obese adolescents required a 2-fold increase in insulin secretion compared with that of their lean counterparts. As in the Viva la Familia Study, obese adolescents were highly insulin resistant both in the overnight fasted state and in response to a glucose challenge.
Inflammation accompanies obesity
Several metabolites [bradykinin and bradykinin-des-Arg(9), complement C3 protein, kynurenine, and kynurenate] that are indicative of inflammation and the activation of an immune response were elevated in obese children. Also, xanthine, which is a player in the inflammatory response, and urate, which is a scavenger of oxidative species (31, 32) , increased in obese children.
Increased androgens in obese group
Elevated androgen derivatives, which are precursors of testosterone and estrogens, were observed in obese children. These anabolic steroids may induce premature adrenarche, which was linked to unfavorable metabolic features including hyperinsulinism, dyslipidemia, and later-appearing ovarian hyperandrogenism (33) . Indeed, our findings replicated those reported in 6-10 y-old children in which an androgen pattern of higher levels of dehydroisoandrosterone sulfate and its derivatives were associated with parent-reported sexual maturation (10) .
Our metabolomic profiling corroborated findings in some (9, 10) but not all (8, 11) pediatric publications. Enhanced mitochondrial function and adaptive metabolic plasticity in obese youth were inferred because of the lack of evidence of defective fatty acid or AA metabolism in contrast with our results (8) .
Increased plasma AA concentrations (BCAAs, Phe, Met, His, Arg, Ser, Gly, and acylcarnitines) were positively associated with b cell function relative to insulin sensitivity (11) , again contrary to our results. Lower acyl-alkyl phosphatidylcholines and lysophosphatidylcholines were shown in obese children (9) in agreement with our results. Higher levels of BCAAs (Val, Leu, Ile, and related intermediates C3 and C5 acylcarnitines), androgens, and large neutral AAs (Phe, Tyr, and Trp) in obese children were in agreement with our findings (10). Discrepancies in studies may be attributed to differences in sample sizes, subject characteristics, and analytic platforms.
In conclusion, global metabolomics profiling in obese children recapitulated the increased BCAA and acylcarnitine catabolism and changes in nucleotides, lysolipids, and inflammation markers seen in obese adults; however, a strong signature of reduced fatty acid catabolism and increased steroid derivatives may be unique to obese children. Metabolic flexibility in fuel use observed in obese children may have occurred through the activation of alternative intermediary pathways. Insulin resistance, hyperleptinemia, hypertriglyceridemia, hyperuricemia, and oxidative stress and inflammation evident in obese children were associated with distinct metabolomic profiles. Mixed-effects linear regression models, adjusted for age, sex, Tanner stage, and obesity status. 4 Mixed-effects linear regression models, adjusted for age, sex, Tanner stage, obesity status, FFM, and FM. 5 Mixed-effects linear regression models, adjusted for age, sex, Tanner stage, obesity status, and energy balance.
